1. Introduction {#sec1}
===============

Mitochondrial uncoupling is a physiologically regulated process whereby a proton leak across the inner membrane is established, activity of the respiratory chain is dissociated from ATP synthesis, and energy is released as heat. Mammals, including humans, use uncoupling proteins in brown (BAT) and beige/brite adipose tissue to generate heat to support and maintain core body temperature. The recent realization that adult humans possess functional, active BAT [@bib1], [@bib2], [@bib3], [@bib4], [@bib5], [@bib6], physiologically uncoupled through uncoupling protein-1 (UCP1), has reignited interest in BAT activation and thermogenesis as therapeutic targets for obesity and metabolic disorders [@bib7], [@bib8], [@bib9], [@bib10].

Of the central neural effector pathways controlling food intake and energy balance, including BAT thermogenesis, the hypothalamus is critical [@bib11], [@bib12], [@bib13]. The melanocortin system, with its origins in the arcuate nucleus (ARC), is comprised of orexigenic neuropeptide Y/agouti related protein (NPY/AgRP) and anorexigenic pro-opiomelanocortin (POMC) neurons. Both NPY/AgRP and POMC neurons are critical for the maintenance of food intake, energy balance, and glucose homeostasis [@bib13], and activation of either neuronal phenotype influences BAT [@bib14], [@bib15], [@bib16], [@bib17]. Both of these neuronal populations both express UCP2, a mitochondrial anion carrier that suppresses ATP production by compromising the mitochondrial inner membrane proton gradient and uncoupling oxidative phosphorylation [@bib18], [@bib19]. Mitochondrial dynamics are regulated by nutrition in an opposing manner in NPY/AgRP and POMC neurons [@bib20], [@bib21], and UCP2-mediated ROS production regulates functional activity of these neurons in opposing directions [@bib19], [@bib22], [@bib23]. The role of UCP2 and mitochondrial dynamics in differentially regulating electrical excitability of NPY/AgRP and POMC neurons raises the interesting possibility of targeting mitochondrial uncoupling at the level of the melanocortin system as a potential strategy to influence energy balance and obesity.

To address this, we investigated the effects of central mitochondrial uncoupling on NPY/AgRP and POMC neuron activity and function. We utilized the prototypical mitochondrial uncoupler 2,4-dinitrophenol (DNP) to chemically induce uncoupling and investigate these effects on central melanocortin signaling. As NPY/AgRP and POMC neurons are known to couple their electrical excitability to energy status [@bib24], and mitochondrial uncoupling disrupts the normal conversion of ADP and phosphate to ATP [@bib25], [@bib26], we hypothesized that the electrical activity of these neurons would be differentially affected by mitochondrial uncoupling and drive changes in whole body energy homeostasis in favor of increased energy expenditure and weight loss. Thus, we tested the effects of centrally administered DNP *in vivo*.

2. Methods {#sec2}
==========

2.1. Mice {#sec2.1}
---------

Mice were maintained on a 12 h light--dark cycle in a temperature-controlled, high barrier facility with free access to food and water. All experiments were approved by the Monash University School of Biomedical Sciences Animal Ethics Committee.

2.2. Metabolic measurements {#sec2.2}
---------------------------

Singly housed mice were acclimated for 24 h and monitored for 48 h in an environmentally controlled Comprehensive Lab Animal Monitoring System (CLAMS; Columbus Instruments, Columbus. OH). The system was fitted with indirect open circuit calorimetry and food consumption and activity monitors to measure activity, food intake, and energy expenditure. Energy expenditure and the respiratory exchange ratio ($\text{RER} = {\text{V}_{\text{CO}_{2}}/\text{V}_{\text{O}_{2}}}$) were calculated from gas exchange data.

2.3. Telemetric transponder implantation, locomotor activity, BAT, and core temperature measurements {#sec2.3}
----------------------------------------------------------------------------------------------------

Interscapular BAT temperature and locomotor activity were monitored by remote biotelemetry with pre-calibrated sensitive transmitters (PDT-4000 G2 E-Mitter sensors, Mini Mitter Company, Starr Life Science, Holliston, MA), as described previously [@bib27]. E-Mitters were implanted beneath the BAT pad between the scapulae under isoflurane anesthesia and mice had 1 week for recovery before measurements commenced. Emitted transmitter signals were detected by a receiver positioned beneath the animal\'s home cage and analyzed using VitalView software (Mini Mitter Company, Starr Life Science, Holliston, MA). Locomotor activity counts are a relative measure of gross motor activity. For all experiments, activity counts and interscapular temperature measurements were obtained continually at 1 min intervals.

2.4. Sympathetic denervation {#sec2.4}
----------------------------

Methods for sympathetic denervation have been described previously [@bib28]. Briefly, 8--12 week-old C57BL/6 male mice received 20 microinjections of 6-hydroxydopamine \[6-OHDA (Sigma); 1 μL per injection, 9 mg/ml in 0.15 M NaCl containing 1% (w/v) ascorbic acid\], or an equal volume of vehicle, throughout the right inguinal fat pads. Body weight was monitored throughout the duration of the experiment. Two weeks after 6-OHDA injections, mice were culled, and inguinal WAT and BAT were either formalin-fixed for histological/immunohistochemical assessment or processed for quantitative real time PCR.

2.5. Lateral ventricle cannulation and intracerebroventricular (ICV) drug administration {#sec2.5}
----------------------------------------------------------------------------------------

8--10 week old C57BL6/J mice were implanted stereotaxically with guide cannulas into the right lateral ventricle (0.2 mm posterior, 1 mm lateral from bregma) under 2% (v/v) isoflurane in 1 L/min oxygen. The tip of the guide cannula was positioned 1 mm above the injection site (1 mm ventral to the surface of the skull). Animals were allowed 4--5 days to recover. Following recovery, mice received artificial cerebrospinal fluid (aCSF; 1 μL) for 5 consecutive days and then were injected ICV with vehicle (aCSF) or AgRP and subsequently vehicle or DNP (1 μL--100 μM) for three consecutive days. For all *in vivo* experiments, 2, 4-dinitrophenol (DNP, Sigma) was made up as a concentrated stock in DMSO, which was then diluted into aCSF. All vehicle treated mice, were treated with aCSF with the addition of DMSO. Physiological measurements outlined were recorded throughout this period.

2.6. Real-time PCR {#sec2.6}
------------------

Real-Time PCR procedures were fundamentally the same as those described previously [@bib29]. Briefly, RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA), and total RNA quality and quantity was determined using a NanoDrop 3300 (Thermo Scientific, Wilmington, DE, USA). mRNA was reverse transcribed using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) and processed for quantitative real-time PCR using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, Hercules, CA). Inguinal white adipose gene comparisons used TATA boxbinding protein (Tbp) as the housekeeping gene, all other expression studies were normalized to Gapdh. The following primers were used: *Ucp-1* (f-ACTGCCACACCTCCAGTCATT, r-CTTTGCCTCACTCAGG ATTGG), *Tbp* (f-GAAGCTGCGGTACAATTCCAG, r-CCCCTTGTACCCTTC ACCAAT), *Gapdh* (f-ACCACAGTCCATGCCATCAC, r-CACCACCCTGTTGCTGTA GCC).

2.7. Histology and WAT immunohistochemistry {#sec2.7}
-------------------------------------------

Hematoxylin and eosin staining and UCP1 DAB staining were performed on intact and de-innervated inguinal WAT fat pads from DNP and vehicle treated animals as described previously \[see [@bib28]\]. Briefly, animals were killed and inguinal fat immediately dissected and fixed in buffered formalin solution for 48 h. Tissues were embedded in paraffin and 4 μm sections of the entire block prepared. Every tenth to fourteenth section of the tissue was used to detect UCP-1 staining as previously described [@bib29].Sections were incubated overnight (4 °C) with anti-UCP-1 (1:1000; ab10983, Abcam, San Francisco, CA). After washing sections were incubated for 2 h at room temperature with Alexa-Fluor 488-conjugated secondary antibodies (1:1000; Life Technologies, VIC, Australia).

2.8. Electrophysiology {#sec2.8}
----------------------

Male, 6--10 week old, NPY renilla GFP and POMC eGFP-expressing transgenic mice were used for electrophysiological studies, as previously described [@bib30], [@bib31]. Animals were terminally anaesthetized with isoflurane, decapitated, and the brain rapidly removed; 250 μm coronal hypothalamic brain slices were cut in a modified, sucrose-based, ice-cold artificial cerebrospinal fluid (aCSF) using a Leica VT1000S vibratome. Slices were rapidly warmed to 34° for 20 min before being returned to room temperature prior to recording. The composition of artificial cerebrospinal fluid (aCSF) was (in mM): 127 NaCl; 1.9 KCl; 1.2 KH~2~PO~4~; 2.4 CaCl~2~; 1.3 MgCl~2~; 26 NaHCO~3~; 2 [d]{.smallcaps}-glucose; 8 Manitol, equilibrated with 95% O~2~--5% CO~2~, except when slices were being cut when NaCl was replaced with equimolar sucrose (127 mM). Whole-cell recordings were performed under visual control using fluorescence and differential interference contrast optics with infrared video microscopy (Axioskop FS2; Zeiss). POMC and NPY neurons were visually identified in the ARC by their expression of GFP and whole-cell patch-clamp recordings obtained using an Axopatch 1D amplifier (MDS Analytical Technologies). Patch-pipettes were manufactured from thin-walled borosilicate glass (Harvard Apparatus; GC150-TF10) using a horizontal electrode puller (Sutter Instruments, USA; Model P1000) and had resistance 5--10 MΩ when filled with intracellular recording solution of the following composition: 140 potassium gluconate; 10 KCl; 1 EGTA-Na; 10 HEPES; 2 Na~2~ATP; osmolarity, and pH adjusted with sucrose and KOH, respectively. Signals were displayed on a digital oscilloscope (Tektronix TDS1002) and stored on a desk top computer with currents filtered at 2 kHz. In current clamp recordings, baseline activity, resting membrane potential and active conductance profile were assessed before any experimental manipulations. In voltage clamp experiments, cells were held at −60 mV, and currents were elicited with a voltage ramp from −120 to −30 mV at a rate of 8 mV/s. All signals were captured on a personal computer running pClamp 9.2 (MDS Analytical Technologies). Any cell that did not display a stable baseline membrane potential, was running up, or displayed deterioration in action potentials was excluded from data analysis. These criteria were established before data collection.

The following drugs were used for electrophysiological experiments: 2,4-dinitrophenol (DNP, Sigma); and tolbutamide (Sigma) were made up as concentrated stocks in DMSO and ethanol respectively and stored at \<−4 °C; SN-6 (Tocris), oubain octahydrate (Sigma), BaCl~2~ (Sigma), and TTX (Abcam) were made up as concentrated stocks in distilled water and stored at \<−4 °C, apart from BaCl~2~ which was stored \<4 °C. Drugs were diluted to the required concentration in aCSF immediately prior to use. All drugs were applied to the slice by perfusion from gravity-fed reservoirs connected to the main perfusion line via 3-way valves.

2.9. Data analysis {#sec2.9}
------------------

All *ex vivo* analysis was conducted using Clampfit (MDS Analytical Technologies). All data are presented as means ± SEM. Two-tailed paired *t*-tests were generated using GraphPad Prism 6 for comparisons between conditions. Parametric statistics were used when the data from both conditions adopted a Gaussian distribution, and non-parametric statistics were used when this assumption was not met. For molecular and *in vivo* experiments, statistical significance was determined by either a two-way ANOVA or a two-tailed paired Student\'s *t*-test. *p* values \< 0.05 were considered significant; \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001, and were adjusted when multiple comparisons were performed.

3. Results and discussion {#sec3}
=========================

3.1. ICV DNP promoted weight loss via increased BAT thermogenesis and WAT browning {#sec3.1}
----------------------------------------------------------------------------------

Intracerebroventricular (ICV) DNP (1 μL of 100 μM) induced significant weight-loss (*p* \< 0.01 DNP compared to vehicle control; day 2 and 3 of treatment, day 1 of recovery; [Figure 1](#fig1){ref-type="fig"}A), increased energy expenditure via increased BAT thermogenesis (*p* \< 0.01 versus vehicle control, day 1 of treatment; [Figure 1](#fig1){ref-type="fig"}B), and significantly decreased food intake at day 3 of treatment (*p* \< 0.01 versus vehicle control; [Figure 1](#fig1){ref-type="fig"}C). Intraperitoneal (IP) administration of DNP had similar effects on body weight and food intake ([Figure S1A and B](#appsec1){ref-type="sec"}). Browning was visibly evident in the interscapular BAT depot ([Figure S1C](#appsec1){ref-type="sec"}), and uncoupling protein 1 (UCP1) mRNA in both BAT and inguinal white adipose tissue (ingWAT) were significantly elevated following ICV treatment with DNP (*p* \< 0.05 and *p* \< 0.001 for BAT and WAT, respectively compared to vehicle, [Figure 1](#fig1){ref-type="fig"}D); the latter was consistent with increased "browning" of WAT. Denervated WAT did not result in increased UCP-1 expression following central DNP administration (*p* \> 0.05; [Figure 1](#fig1){ref-type="fig"}D) or IP administration ([Figure S1E](#appsec1){ref-type="sec"}). Innervated inguinal WAT in DNP-treated animals also displayed morphology more consistent with that of brown fat [@bib32]: small adipocyte clusters with multilocular lipid droplets ([Figure S1D](#appsec1){ref-type="sec"}). These effects of DNP were absent in the ipsilateral sides of sympathetically denervated mice, indicating effects of DNP were neural in origin and centrally driven ([Figure 1](#fig1){ref-type="fig"}D and E). Core body temperature was found to be significantly increased in DNP treated animals with no obvious indications of changes in physical activity (data not shown). Acute DNP treatment did not result in any significant changes in RER, and only a mild change in $\text{V}_{\text{O}_{2}}$ consumption was recorded ([Figure S1F](#appsec1){ref-type="sec"}).Figure 1**Uncoupling of the melanocortin system with centrally administered DNP induced weight-loss, increased BAT thermogenesis and WAT browning. The weight loss induced by DNP was eliminated by pre-treatment with AgRP, and was absent in MC4KO mice.** (A--C) Effects of ICV DNP administration on body weight, BAT temperature, and food intake compared to aCSF vehicle (*n* = 4--5 per group). (D) UCP1 mRNA expression in BAT and ingWAT depots after ICV DNP or vehicle injections. (E) ingWAT was unilaterally denervated prior to ICV DNP or vehicle injections. (F--H) Effects of ICV administration of DNP on body weight, BAT temperature and food intake, after pre-treatment with AgRP (*n* = 3--6 per group). (I--K) Effects of ICV administration of DNP on body weight, BAT temperature and food intake in MC4KO mice (*n* = 3 for all conditions). All data Mean ± SEM. \**p* \< 0.05, \*\**p* \< 0.01.Figure 1

3.2. ICV effects of DNP were mediated via the melanocortin system {#sec3.2}
-----------------------------------------------------------------

To confirm these effects of central DNP were mediated via the melanocortin system, we tested the effects of the endogenous MC4R antagonist AgRP on DNP-induced changes in body weight, food intake, and BAT thermogenesis. ICV DNP (100 μM) in the presence of AgRP (1 nmol, ICV) had no appreciable effect on body weight or BAT thermogenesis ([Figure 1](#fig1){ref-type="fig"}F and G). AgRP alone significantly increased food intake on day 1 of treatment, but DNP failed to induce any effect on food intake at any time point (*p* \< 0.05 for AgRP treated versus DNP + AgRP treated, day 1 treatment; [Figure 1](#fig1){ref-type="fig"}H). We next tested the effects of DNP in MC4R knock-out mice. DNP was without significant effect on body weight, BAT thermogenesis, and food intake ([Figure 1](#fig1){ref-type="fig"}I--K). Collectively, these data indicate that central DNP-induced effects on energy expenditure, food intake, and body weight are mediated via the melanocortin system.

3.3. DNP inhibits ARC NPY neurons via opening of KATP {#sec3.3}
-----------------------------------------------------

To determine underlying mechanisms by which chemical uncoupling of the melancortin system induced weight-loss and increased energy expenditure, we investigated effects of chemically-induced mitochondrial uncoupling on electrical excitability of NPY and POMC neurons. Whole-cell patch clamp recordings were obtained from NPY and POMC neurons in adult mouse hypothalamic brain slices prepared from transgenic mouse strains in which NPY or POMC expressed green fluorescent protein (GFP; [@bib30], [@bib31]). Briefly, bolus bath application of 200 μM DNP induced inhibition of NPY neurons (15/17). This effect was characterized by membrane hyperpolarization of 11.6 ± 2.3 mV, from a mean resting potential of −42.0 ± 2.2 mV to a peak steady-state of −53.6 ± 2.7 mV in DNP (*n* = 14, paired *t*-test, *t*~(13)~ = 5.04, *p* \< 0.001), and significant reduction in spontaneous firing rate in active cells (*n* = 7, Wilcoxon matched-pairs signed-rank test, W = −28, *p* \< 0.05) ([Figure 2](#fig2){ref-type="fig"}A and B). DNP-induced inhibition was associated with a 47.0 ± 5.8% decrease in input resistance, from 1638 ± 270 MΩ to 721 ± 137 MΩ (*n* = 14, Wilcoxon matched-pairs signed-rank test, W = −105, *p* \< 0.01) and persisted in tetrodotoxin (TTX) (500 nM) (*n* = 4 cells), indicating a direct effect of DNP on NPY neurons ([Figure 2](#fig2){ref-type="fig"}C--E). Reversal potentials of DNP-induced membrane conductance amounted to --69.5 ± 3.9 mV (*n* = 12), and --65.2 ± 6.8 mV (*n* = 3) in the presence of TTX. Voltage-clamp experiments (Vhold −60 mV), in TTX, demonstrated outward currents underlie DNP-induced inhibition (*n* = 6) ([Figure 2](#fig2){ref-type="fig"}C--E).Figure 2**DNP inhibits ARC NPY neurons via activation of K~ATP~ channels.** (A) Whole-cell recordings showing DNP induced hyperpolarisation and inhibition of an NPY neuron. (B) DNP-induced inhibition was reversed by tolbutamide. (C) DNP-induced inhibition and associated outward current was reversed by tolbutamide and persisted in TTX indicating a direct post-synaptic effect via activation of K~ATP~ channels. (D) Voltage-clamp recordings in TTX showing current-voltage relations in control, DNP and tolbutamide. (E) Current responses to voltage-clamp ramps (8 mV/s from −120 to −30 mV; Vhold −60 mV) for control (black), DNP (red) and tolbutamide (grey), all in the presence of TTX. These data indicate DNP induced inhibition of NPY neurons is via activation of K~ATP~.Figure 2

DNP-induced inhibition persisted in chloride-loaded cells (*n* = 11) (data not shown) but was reversed by the ATP-sensitive potassium channel (K~ATP~) blocker tolbutamide (200 μM; *n* = 8) ([Figure 2](#fig2){ref-type="fig"}B--E). Following DNP-induced membrane hyperpolarisation, subsequent application of tolbutamide induced membrane depolarisation of 15.8 ± 2.0 mV (*n* = 8, paired *t*-test, *t*~(7)~ = 8.02, *p* \<0.001) associated with a 320 ± 126% increase in input resistance (*n* = 4, *p* \< 0.05), from 432 ± 133 MΩ in DNP to 914 ± 131 MΩ in the presence of DNP and tolbutamide. Tolbutamide also restored spontaneous action potential firing to control, pre-DNP, levels (baseline 0.23 ± 0.14 Hz, tolbutamide 0.23 ± 0.17 Hz, *n* = 4). Taken together, these data indicate chemical uncoupling and inhibition of NPY neurons by DNP is mediated via opening of K~ATP~ channels.

3.4. DNP excites the majority of ARC POMC neurons via multiple mechanisms including block of Kir channels {#sec3.4}
---------------------------------------------------------------------------------------------------------

In contrast to NPY neurons, mitochondrial uncoupling with DNP (200 μM) induced excitation in the majority of POMC neurons (59.3%, *n* = 16). The remaining POMC neurons were inhibited by DNP (33.3%, *n* = 9) in a manner similar to NPY neurons, via activation of K~ATP~ channels (see [Figure S2A--F](#appsec1){ref-type="sec"}) or DNP induced a biphasic response: excitation followed by inhibition (7.4%, *n* = 2; data not shown).

DNP induced excitation of POMC neurons was characterized by membrane potential depolarization of 9.0 ± 1.4 mV (*n* = 16, paired *t*-test, *t*~(15)~ = 6.51, *p* \< 0.0001) and significant increase in action potential firing rate from 0.91 ± 0.38 Hz to 3.75 ± 0.92 Hz in DNP (*n* = 16, Wilcoxon matched-pairs signed-rank test, W = 120, *p* \< 0.0001; [Figure 3](#fig3){ref-type="fig"}A). DNP-induced excitation persisted in TTX (500 nM) (*n* = 7) indicating a direct effect of DNP on POMC neurons ([Figure 3](#fig3){ref-type="fig"}B) and was associated with an inward current, observed in voltage-clamp at a holding potential of −60 mV (data not shown).Figure 3**DNP activates anorexigenic POMC neurons via block of an inwardly rectifying potassium conductance.** (A) DNP-induced a reversible excitation and action potential firing in a POMC neuron. (B) DNP-induced excitation, persisted in TTX, indicating a direct postsynaptic site of action. (C) Voltage-current relations in control and in the presence of DNP revealed DNP induced an increase in neuronal input resistance and inhibition of inward rectification, seen at more negative membrane potentials and indicated by the reduction in the non-linear voltage responses to large amplitude current injection observed in control. (D) Plot of data shown in C. Note the non-liner current voltage-relations in control and subsequent reduction in DNP indicating DNP-induced excitation via block of an inwardly rectifying potassium conductance (K~IR~). (E) The K~IR~ blocker Ba^2+^ mimicked and occluded DNP-induced excitation. (F) Voltage-current (VI) relations show inward rectification observed was blocked by Ba^2+^, DNP having no further effect on this conductance. (G) Plot of VI relations showing Ba^2+^-induced block of inward rectification and DNP-induced subsequent effects associated with a parallel shift and no obvious change in conductance, suggesting modulation of ion pumps/exchangers.Figure 3

Current-voltage relations (IV\'s) in the presence and absence of DNP revealed DNP-induced excitation associated with an increase, decrease, or no measurable change in neuronal input resistance, suggesting DNP-induced excitation was associated with multiple ionic mechanisms. In 15 POMC cells that expressed instantaneous inwardly rectifying potassium conductances (K~IR~) DNP-induced excitation was associated with a reduction in inward rectification ([Figure 3](#fig3){ref-type="fig"}C and D). To confirm DNP-induced excitation was via block of inward rectification, we tested the effects of the K~IR~ blocker Ba^2+^ (100 μM) on DNP-induced depolarization in POMC neurons expressing this conductance. Ba^2+^ mimicked the effects of DNP inducing membrane depolarisation of 10.3 ± 2.0 mV associated with an increase in neuronal input resistance ([Figure 3](#fig3){ref-type="fig"}E) and block of K~IR~ (*n* = 13, paired *t*-test, *t*~(12)~ = 5.22, *p* \< 0.001; [Figure 3](#fig3){ref-type="fig"}F and G). DNP-induced excitation was completely blocked by Ba^2+^ in 6/13 POMC neurons. Thus DNP-induced excitation was mediated in part via block of K~IR~, although other mechanisms clearly contribute. IV relations revealed the remaining DNP-induced excitations were associated with a parallel shift, the lack of change in whole-cell conductance suggesting ion pumps/exchangers may contribute to DNP-induced excitation. Hence, we investigated effects of the sodium potassium ATPase pump (Na^+^/K^+^-ATPase) inhibitor Ouabain (100 μM). Ouabain mimicked effects of DNP and reduced DNP-induced excitation in 5/15 cells ([Figure 4](#fig4){ref-type="fig"}A and B). In a further 12 cells, DNP-induced excitation persisted in the presence of Ouabain ([Figure 4](#fig4){ref-type="fig"}C). We next tested the effects of the sodium calcium exchanger (NCX) SN-6 (20 μM). SN-6 completely blocked DNP-induced excitation in 4 POMC neurons ([Figure 4](#fig4){ref-type="fig"}D). Thus, DNP-induced mitochondrial uncoupling and excitation of POMC neurons is mediated via block of K~IR~, the Na^+^/K^+^-ATPase and NCX.Figure 4**DNP also activates anorexigenic POMC neurons via the sodium potassium ATPase and sodium calcium exchange.** (A) Whole-cell current clamp recordings from an ARC POMC neuron showing that DNP-induced excitation was blocked by the Na^+^/K^+^-ATPase inhibitor ouabain. (B) Recording from another POMC neuron showing DNP-induced excitation persisted in Ouabain. (C) Current-voltage relations reveal ouabain-sensitive and insensitive components contribute to DNP-induced excitation (D) Whole-cell recording from an ARC POMC neuron showing DNP-induced excitation was blocked by the NCX inhibitor SN-6.Figure 4

Taken together, these data show that mitochondrial uncoupling inhibits orexigenic NPY and activates anorexigenic POMC neurons, promoting increased energy expenditure through activation of BAT thermogenesis, WAT browning, decreased food intake, and increased weight loss. This differential effect on these neurons is the ideal scenario to promote weight loss and highlights the potential of targeted mitochondrial uncoupling to treat obesity.

Uncoupling of NPY neurons induced inhibition via activation of K~ATP~ channels. Mechanistically, this is likely mediated via reducing endogenous ATP levels and reducing ATP-mediated inhibition of these channels, DNP acting as a protonophore to disrupt ADP conversion to ATP [@bib25], [@bib26]. While a subpopulation of POMC neurons were inhibited by DNP in a manner analogous to that observed in NPY neurons, the vast majority were excited by DNP. In these cells, uncoupling induced excitation via block of the Na^+^/K^+^-ATPase, NCX, and K~IR~. Tonic activity of these pumps/ion exchangers and K~IR~, therefore, couple energy status to electrical excitability in POMC neurons. The effects of DNP persisted in the presence of TTX, suggesting a direct effect on the post-synaptic neuron rather than an indirect effect through activity-dependent, synaptic neurotransmitter release. However, we cannot eliminate an effect of DNP on presynaptic terminals innervating NPY and POMC neurons, neither can we eliminate an indirect effect of DNP via non-neuronal local networks of glia including astrocytes and tanycytes. In the latter case, chemical uncoupling of glia could lead to a reduction in ATP synthesis in these cells and loss of glia-neuronal signaling through ATP release via connexin hemi-channels, effectively removing an ATP and glia-dependent tonic drive to neurons [@bib33]. Both glia-derived ATP and/or adenosine could form such a tonic drive, although in the case of NPY, glia-derived adenosine has been shown to inhibit these neurons [@bib34]; thus, it is unlikely to underlie the effects observed here. Alternatively, chemical uncoupling of glia could disrupt release of lactate from these cells, lactate release from specific subtypes of tanycytes being suggested to regulate activity of both orexigenic NPY and anorexigenic POMC neurons [@bib35], [@bib36]. At present, we do not know to what extent chemical uncoupling of glia contributes to the effects of DNP on neuronal excitability. Nevertheless, chemical uncoupling with DNP induces opposing effects on electrical activity of NPY and POMC neurons to reduce food intake, promote energy expenditure, and weight loss.

That mitochondrial uncoupling induces opposing effects on orexigenic NPY and anorexigenic POMC neurons indicates that these neurons directly couple electrical excitability and activity to energy status and changes in the bioenergetics of these cells is translated into opposing electrophysiological outputs. Chemical uncoupling has distinct parallels with physiological uncoupling in the melanocortin system. In NPY/AgRP neurons, both fasting and the "hunger" hormone ghrelin maintain increased neuronal activity via a UCP2-dependent regulation of ROS levels, ablation of UCP2 reducing NPY/AgRP neuronal activity, ghrelin, and fasting-induced food intake [@bib22], [@bib37]. Mitochondrial dynamics in NPY/AgRP neurons are also subject to plasticity; fasting promotes mitochondrial fission and high-fat diet-induced states of positive energy balance promoting mitochondrial fusion [@bib20], and fasting also induces a UCP2-dependent increase in mitochondrial number in the arcuate nucleus [@bib22]. Mitochondrial fission and glucose-induced neuronal activity are UCP2-dependent in ventromedial nucleus hypothalamic neurons [@bib38]. Remarkably, mitochondrial dynamics in anorexigenic POMC neurons are regulated by nutrition in the opposite manner to NPY neurons [@bib20], [@bib21], and K~ATP~-dependent glucose-sensing in POMC neurons and lateral hypothalamic MCH neurons is regulated by UCP2 [@bib23], [@bib39].

DNP has been known to induce rapid weight loss for decades, but its narrow therapeutic index and adverse side-effects have limited its utility. Overdose or over-exposure with DNP, a phenol-based structure, is characterized by classic symptoms that include hyperthermia, tachycardia, tachypnoea, and diaphoresis associated with cardiovascular failure and often death. Several mechanisms are suggested to contribute to DNP-induced toxicity \[see [@bib26]\]. Uncoupling of oxidative phosphorylation by DNP leads to a proton leak across the inner membrane being established, activity of the respiratory chain dissociated from ATP synthesis, and energy is released as heat. This loss of homeostatic control of thermoregulation effectively gives rise to uncontrolled hyperthermia [@bib40]. Stimulation of glycolysis and increased pyruvic acid and lactic acid production along with potassium and phosphate accumulation have also been proposed to contribute to DNP-induced toxicity \[see [@bib26]\]. In experiments described here, changes in electrophysiological and *in vivo* whole animal physiological parameters recovered after cessation of exposure to DNP, suggesting results described here do not reflect pathophysiological effects of DNP. The adverse effects of DNP have been broadly highlighted, a factor that has contributed to the loss of interest in the therapeutic potential of such agents. However, the concept of mitochondrial uncouplers as therapeutics has recently regained momentum with the realization of a range of beneficial effects of mild mitochondrial uncoupling. DNP at low concentrations has been shown to improve neuronal function or to be neuroprotective in a range of animal models of disease including: epilepsy, experimental optic neuritis, Parkinson\'s disease, Alzheimer\'s disease, stroke, traumatic brain injury, and peripheral nerve injury [@bib41], [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48]. Future therapeutic approaches targeting obesity with mitochondrial uncoupling agents will need a chronic dosing strategy that offsets any toxicity. Studies in mice housed at thermoneutrality with DNP administered via drinking water showed DNP to protect against diet-induced obesity: treated animals showing increased energy expenditure, decreased body weight and fat mass, compared to controls, with improved glucose tolerance and no obvious toxicity after around 2 months of exposure to DNP [@bib49]. Mild mitochondrial uncoupling in neurons has been shown to reprogram mTOR and insulin signaling, up-regulate signaling pathways associated with adaptive stress responses and synaptic plasticity, and improve learning and memory [@bib50]. Thus, new therapeutic approaches and strategies utilizing mitochondrial uncoupling agents to target obesity are worthy of further investigation.

4. Conclusion {#sec4}
=============

In summary, using the original weight-loss inducing drug DNP, we have demonstrated here for the first time that chemical uncoupling of the melanocortin system promotes increased energy expenditure and weight loss through differentially regulating excitability of orexigenic NPY and anorexigenic POMC neurons. DNP is known to cross the blood-brain-barrier, and data presented here strongly support a key and novel mechanism by which chemical uncoupling agents targeting the melanocortin system, such as DNP, may offer new insight for future approaches to tackle obesity.
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Appendix A. Supplementary data {#appsec2}
==============================

The following are the supplementary data related to this article:Supplementary Figure S1IP DNP administration resulted in similar effects to that seen with ICV administration. ICV DNP produced visible changes in BAT tissue but had a minimal effect on $\text{V}_{\text{O}_{2}}$. Related to [Figure 1](#fig1){ref-type="fig"}. (A and B) Effects of IP administration of DNP on body weight and food intake compared to aCSF vehicle (C) Interscapular BAT depots from vehicle and DNP treated animals. (D) Histology (H&E) of innervated (i and iii) and de-innervated (ii and iv) inguinal WAT treated with vehicle (i and ii) or DNP (iii and iv). (E) UCP1 DAB staining of innervated (i and iii) and de-innervated (ii and iv) inguinal WAT treated with vehicle (i and ii) or DNP (iii and iv). (F) Comparison of $\text{V}_{\text{O}_{2}}$ change in DNP vs vehicle treated animals (*p* = 0.057). All data represents Mean ± sem. \*\**p* \< 0.01, ns = non-significant.Supplementary Figure S1Supplementary Figure S2. Uncoupling with DNP inhibits a subpopulation of ARC POMC neurons via activation of K~ATP~ channels. Related to [Figure 2](#fig2){ref-type="fig"}. (A) Whole-cell recordings showing DNP induced hyperpolarisation and inhibition of a POMC neuron. DNP-induced hyperpolarisation and associated outward currents (B) persisted in TTX indicating a direct effect on the cell. (C) Voltage-clamp recordings in the presence of TTX show current-voltage relations in control and DNP. (D) Current responses to voltage-clamp ramps (8 mV/s from −120 to −30 mV; Vhold −60 mV) for control (black) and DNP (red), both in the presence of TTX. (E) DNP-induced hyperpolarisation and inhibition of spontaneous firing were reversed by tolbutamide. (F) Voltage-current relations in control (diamonds); DNP (triangles) and tolbutamide (crosses) show DNP-induced inhibition via activation of a potassium conductance, an effect reversed by tolbutamide. These data indicate DNP induced inhibition of a subpopulation of POMC neurons is via activation of K~ATP~.Supplementary Figure S2
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